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OPTICAL CONSTANTS

1. STATEMENT OF OBJECTIVES

The objectives were:

1. to determine optical constants inm the 0,2-30 ym wavelength
region for at least 20 hitherto uncharacterized materials
including (but not limited to) metals, crystalline materials,
and liquids,

2. to measure the reflectance and/or transmittance spectrum
' of each material in the specified wavelength region,

3. to analyze all measured spectra by use of Kramers-Kronig
or related techniques in order to determine spectral values
of the optical constants (complex refractive index) in the
specified wavelength region, and

4, to determine as appropriate for each material, chemical and
physical properties such as, but not limited to; density,
concentration, composition, crystalline structure, and
orientation iu order to adequately characterize each
material,

2. CONCLUSIONS

We have prepared samples of 21 materials, measured 23 reflectance
spectra for those materials, used Kramers-Kronig methods to compute
spectral values of the complex refractive index n+ik from each of the 23
reflectance spectra, and have presented the measurements and results of
the computations in graphical and tabular form. Additionally, all data
that appear in the tabulations in this report have been delivered to
the technical monitor, Mr. Merrill Milham, CRDC, on punched computer
carde. Those data are now ready for use in Mie scattering codes to

compute radiant transport through aerosol clouds that may be composed of
these 21 materials,

3. MATERIALS INVESTIGATED

On or about 24 June 1983 the technical monitor Mr, Merrill Milham
and the principal investigator formulated the final listing of the 23
materials that were investigated. Those metarials were:

1.  Sapphire (a-Al,0,) E//C (uniaxial crystal)
2.  Sapphire (a-Al,04) E+C (uniaxial crystal)

3. Oxidized Aluminum Mirror

4. Iron (polycrystalline)

5. Hematite O-Fe203) E//C (uniaxial crystal)
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6. Hematite Grfe 0 ) E+C (uniaxial crystal)
7. Magnetite (Fe ) (isotropic crystal)
8. Cuprous Oxidea ?Cu 0 powder, pellet)
9. Zinc Oxide (ZnO powder, pellet)
10, Copper Ingot
11. Brass Ingot (90%Cu/l0%Zn)
12. Brass Ingot (85ZCu/15%ZZn)
13. Brass Ingot (70%Cu/30%ZZn)
14, Dixon KS-2 Graphite (powder, pellet)
15. Dixon HPN-2 Graphite (powder, pellet)
16. Dixon 200~-10 Graphite (powder, pellet)
17. Asbury llicro 260 Graphite (powder, pellet)
18. Dixon 1102 Intercalated Graphite (powder, pellet)
19. Asbury 3222 Intercalated Graphite (powder, pellet)
20. Pyrolytic Graphite
2l1. TTF/TCNQ (powder, pellet)
22. Cu/TCNQ (CRDC pellet)
23. Li/TCNQ (powder, pellet)

4. CHEMICAL AND/OR PHYSICAL PRCPERTIES OF MATERIALS

4.1 Sapphite.

Sapphire is an optically uniaxial crystal with hexagonal-~R, space
group 32/m structure and specific gravity of 4.02. The sapphire crystal
used in this investigation was high purity premium grade a-Al 04 and was
obtained from Crystal Systems, Incg, 35 Congress St., Salem, ﬁa
01970. A rectangular bar 2x2x4 cm” was cut along a diagonal to form two
identical prisms so that tihe 2x2 cm“ faces were unaltered by the cut,
The c-gxia of the crystal was parallel to one of the edges of the
2x2 cm“ face. A scratch free polish on the 2x2 cm® face was made by
Adolf Meller Co., P.0. Box 6001, Providence, RI 02940. Reflectance
spectra obtained for this sample showed no evidence of impurities. The
same sapphire prism was used for measurements of the reflectance spectra
with the electric vector E of the incident radiant flux linearly
polarized parallel and perpendicular to the c-axis of the crystal. The
prism shape prevented radiant flux reflected by back surfaces from re-
entering the reflectometer unit,

4,2 Oxidized Aluminum Mirror.

The oxidized Aluminum mirror was obtained from the Perkin-Elmer
Corp., and was a standard first surface mirror on a glass substrate,
The mirror surface was deposited on the substrate by vacuum evaporation
of aluminum, Such aluminum surfaces universally form a 50A thick
surface layer of aluminum oxide when exposed to air. The oxide can be
1-A1,03, and/or amorphous A1203 (Ref, 1). A8 later shown in this report
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we believe the reflectance spectrum of the aluminum mirror shows
evidence of y-~Al,04.

4,3 TIron.

The iron sample was 1.2 cm dia. by 1 cm long, poly~crystalline, and
was Aesar puratronic grade obtained from Johason latthey, Inc., P.0. Box
1087, Seabrook, NH 03874, The purity was 99.9985% and the specific
gravity 7.87. The 1.2 cm dia. end face of the rod was mechanically
polished with 6 um diamond paste, 0.3 um a-Al,03, and 0,05 um
o-Al,05. A mirror surface was obtained and rema?ned bright and
untarnished for several months after the polish was applied.

Reflectance spectra of the iron sample were obtained in dry air
immediately after polishing. Results from a chemical analysis of the
iron sample are presented in the Appendix.
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4,4 Hematite.

Hematite (G-Fezo3) 1s an optically uniaxial crystal with hexagonal-
~, 8pace group 32/m structure and specific gravity of 5.26. Two
excellent crystalline sauples were provided by the Geosclences
Department, University of Missouri-Kansas City. One sample was cut
perpendicular tc the c-axis, the other parallel to the c-axis. Both
samples were mechanically polished to provide metallic mirror
surfaces. The hematite samples were originally from the USSR and
carried the identification code USNM #1873, The specimens were obtained
from the Smithsonian, Washington, D.C. as exemplary samples of
hematite. The specimens were potted in a cured resin which preveated
the removal of a fragment for chemical analysis,
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4.5 Masnetite.

Magnetite is an optically isotropic material possessing an
{sometric 4/m32/m structure, chemical composition Fe;0,, and specific
gravity 5.18. This specimen was also provided by the Geosclences A
Department, University of Missouri-Kansas City. The specimen was cut © 4
and mechanically polished to a metallic mirror surface.

4,6 Cuprous Oxide (Cu,0).

The cuprous oxide sample was Aesar Puratronic grade powder obtained
from Johnson Matthey, Inc., P.O. Box 1087, Seabrook, NH 03874. A
chemical analysis of this material appears in the Appendix. The powder
was pressed into pellets that possessed mirror surfaces, Several
attempts to form 13 mm dia, pellets were unsuccessful because the
pellets would always fracture when being removed from the die. We were
successful in obtainiBg 8 mm dia. pellets pressed at pressures of
205,360 psi (1.416x10° Pa). This resulted in a pellet with 5.,71+0.15
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- specific gravity., In comparison the natural mineral cuprite (Cuzo) is
optically isotropic with isometric 4/m32/m structure and specific
gravity 6.14. The pellets were a red-violet color,

4,7 Zinc Oxide (2n0).

The zinc oxide sample was Aesar Puratrouic grade powder obtained
from Johnson Matthey, Inc., P.0O. Box 1087, Seabrook, NH 03874. A
chemical analysis of this material is presented in the Appendix. The
powder was pressed into 13 mm dia. disk shaped pellets that possessed
’ mirror surfaces. The pellet having the highest reflectance at 2.5 m ooy
II wavelength was chosen for further investigation. That pel&et was yellow )
in color, was formed at a pressure of 155,540 psi (1.07x10° Pa), and had
. a specific gravity of 5.0640.14. In comparison the rare natural mineral
g zincite (Zn0) is optically uniaxial with Hexagcnal 6mm structure and
~ specific gravity 5.68.

BN ARSI  TANR

4.8 Copper and Brass.

One small copper ingot and three small brass ingots were obtained ;
from OBRON, 8 N, State St., Painesville, OH 44077. OBRMN manufactures K
metallic powders from copper and brass and achieves various colors by :
individual or combined use of these four basic materials. The nominal
compositions of the brass samples were 90XCu/10%2Zn, 85%Cu/15%Zn, and
702Cu/30%Zn. A chemical analysis of the copper and brass materials was
made by personnel at the Environmental Trace Substances Research Center,
University of Missouri. Results from those analyses are presented in

oYY

SR A A

: the Appendix.
v \ 3 )
The specific gravity of these materials were: .
.. copper 8.874+0.07 ,
= 90Cu/10Zn 8.6740.07 , ;
- 85Cu/15Zn 8.494+0.07 , and .
70Cu/3OZn 8.494+0.07 .

A milling machine was used to scalp the copper and brass ingots.
The scalped surfaces were then smoothed by use of 600 grit aluminum
oxide metalographic paper., Next, the surfaces were polished with 6 ym
diamond paste, 0.3 im alumipna, and 0.05 ym alumina.

4.9 Graghites.

Four powdered graphite samples were obtained, three of them KS-2,
HPN~-2, and 200-10 from the Joseph Dixon Crucible Co., Jersey City, NJ
07303, and the fourth Micro 260 from the Asbury Graphite Mills, Inc,,
Asbury, Warren County, NJ 08802, Chemical analysis of thege graphite
powders were made by the Eanvironmental Trace Substances Research Center, T
Unjversity of Missouri, Results from the analyses are presented in the .
Appendix.
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Many 13 mm dia. disk~shaped pellets were pressed from each Bowdeted
graphite sample, Pressures in the range from 97,200 psi (6.7x10° Pa) to
155,540 psi (1.07x10” Pa) were employed for this purpcse. It was found
that pellets formed under 97,200 psi for 30 min., possessed specular
surfacee superior to those formed under higher pressure. Thus pellets
formed at 97,200 psi were used for the reflectance measurements,

The specific gravity of the graphite pellets were:
Dixon KS-2 2.04+0.06
Dixon HPN-2 2.04+0.06
Dixon 200-10 2.,02+0.06
Asbury Micro 260 2.0040.06
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In comparison natural graphite ie optically uniaxial with hexagonal
6/u2/m2/m structure and specific gravity 2.23. Large well formed
graphite crystals rarely occur in nature,

4.10 Intercalated Graphite. H

Twc intercalated graphite samples were supplied by Dr. Turetsky,
U.S, Army CRDC, Edgewood Area. Both were intercalated with a mixture of
sulfuric and nitric acides., One sample was Dixon 1102 which was
intercated by Dr, Turetsky; the other was Asbury 3222 with intercal:tion D
by The Asbury Graphite Mills. Both samples were supplied in wet powder
fornm.

Considerable difficulty was encountered in forming pellets from the
intercalated Graphites. The Dixon 1102 graphite was very wet with the
acids. The initial attempt to press a pellet resulted in the acids
damaging the stainless steel die. Consultation with Dr. Turetsky lead g
to a precedure whereby the Dixon 1102 graphite was heated at 900 C for -3
12 hours in a closed cruicible. The heat treated graphite, plus a small i
residue of pink colored powder remainiug throughout the sample after -
heat treatuwent, was successfully pressed into a 13 mm Jdia. pellet, The
powder was dry after the hegt treatment,
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The Asbury 3222 intercalated graphite had a wet appearance but did '
not damage the stainless_steel die, However, when the pressure reached
about 58,300 psi (2.6x10” Pa) the graphite would flow, resulting in
beautiful metallic ribbons of extruded graphite bursting from the top of
the die. This extrusion occurred around the edges of the stainless
steel rams between which the graphite was placed for pressing. The rams
were within a stainless steel die wherein the tolerance was such that
alr would not easily flow between the walls of the die and ram.

A 13 mm diameter pellet of the Asbury 3222 intercalated graphite
was formed by the following procedure. The material was initially
impulse pressed at a pressure of about 57,000 psi. The resultant
pellet, of poor optical quulity, was then ground to powder by use of a
vibromill, The reground powder, it was discovered. would not flow from

-
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the die at 58,300 psi but would flow at about 77,000 psi. By repeating
the processes of impulse pressing and regrinding through four cycles we
obtained a 13mm dia. pellet at a pressure of 116,600 psi (8.04x10" Pa).

The pellets of the intercalated graphites were metallic in
appearance but the optical quality of their surfaces was not as good as
that of the other graphite materials. This was due primarily to the
larger particle size of the 1102 and 3222 graphites.

The specific gravity of the intercalated graphite pellets were:

Dixon 1102 2.20%0.C6
Asbury 3222 2,11+0.06

Chemical analyses of the intercalated graphites were performed by
personnel of the Environmental Trace Substance Research Center,
University of Missouri. Results from those analyses are presented in
the Appendix.

4,11 Pyrolytic Graphite,

The pyrolytic graphite sample was also supplied by Dr. Turetsky of
CRDC. The sample was a solid sheet possessing a very rough surface and
a lamellar structure. The sample, however, could not be cleaved. One
planar surface of the sample was smoothed by use of 600 aluminum oxide
metalography paper. The sample was then polished by hand on a soft
cloth by use of 0.3 um Alumina, The sample was then placed in distilled
water in an ultrasonic cleaner to remove any residual carbon from the
polished surface. A very good specular surface was achieved using this
method. The sample was placed in a dry air environment at room
temperature for several hours prior to obtaining the reflectance
spectra,

The specific gravity of the pyrolytic grapbite sample was
2.17#0.06. Results from a chemical analysis of this sample are
presented in the Appendix. The analysis was performed by the
Environmental Trace Substances Research Center, University of Missouri.

4,12 TCNQ Salts.

Three TCNQ salt samples were supplied by Dr., E. R. Riley of CRIC.
Two, TTF-TCNQ and LiTCNQ were supplied in powdered form. The third,
CuTCNQ, was supplied as two 13 mm dia. pellets.

The TTF-TCNQ and LiTCNQ powders were pressed into 13 mm dia,
pellets at pressures of 155,540 psi (1.07410° Pa). The pellets had very
good specular surfaces. The surfaces with highest reflectance at 2.5 um
wavelength were chosen for the reflectance measurements,
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The two CuTCNQ pellets possessed relatively poor optical
surfaces, However, of the four surfaces of the two pellets, the surface
with the greatest reflectance at 2.5 um wavelength was chosen for the
reflectance measurements, Attempts to repress the CuTCNQ pellet having
the poorest optical surfaces resulted in a severely fractured pellet,
but the surfaces were more specular after repressing. The fractured
fragments of the repressed pellet were used for chemical analysis.

The specific gravity of the pellets used for the reflectance
spectra were:

TTF-TCNQ 1.5840.05,
L1iTCNQ 1.4140.13, and
CUTCNQ loSZtOoOS.

Chemical analyses of the three TCNQ salts were performed by
personnel of the Environmental Trace Substance Research Center,
University of Missouri. Results from those analyses are presented in
the Appendix. Also presented in the Appendix are notes from Dr. Riley
relating to the chemical composition and structure, and the particle
sizes and shapes of the TCNQ salts.
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TABLE 1. Specific gravity of materials for which

reflectance spectra were obtained,

Material

Sapphire (crystal)

Oxidized Al. (film)

Iron (polycrystalline)
Hematite (c¢rystal)
Maguetite (crystal)

Cuprous Oxide (pellet)

Zinc Oxide (pellet)

Copper (ingot)

90Cu/10Zn Brass (ingot)
85Cu/152n Brass (ingot)
70Cu/30Zn Brass (ingot)
KS-2 Graphite (pellet)
HPN-2 Graphite (pellet)
200-10 Graphite (pellet)
Micro 260 Grephite (pellet)
1102 Intercalated Graphite (pellet)
3222 Intercalated Graphite (pellet)
Vitreous Carbon (solid)
TTF-TCNQ (pellet)

CuTCNQ (pellet)

LiTCNQ (pellet)
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Specific Gravity

4.02
?
7.86:0.01
5.26
5.18
5.7120.15
5.06+0.14
8.87+0.07
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5. REFLECTANCE SPECTRA AND OPTICAL CONSTANTS

Al]l materials were prepared for measurements of near normal
incidence reflectance spectra in the 0.2-30 um wavelength region.
However, some reflectance dpectra extend to 55.55 um.

In the iafrared region, 2.5-55.5 um (4,000-180 cm'l), reflectance
spectra were obtained by use of a Perkin-Elmer 580 spectrophotometer and
specular reflectance accessory. The infrared reflectance spectra were
measured relative to that of a first surface aluminum mirror,
Multiplication of these relative reflectance spectra by the reflectance
of aluminum provided the absolute reflectance spectra of the materials.

In the uv-vis-nir region, 0.2-2.5 um (50,000-4,000 cm'l),
reflectance gpectra were obtained by use of a Cary Varian 2300 spectro-

photometer and a V-W reflectance accessory that proviled measurements of
the absolute reflectance.

The reflectance spectra were analyzed by use of Kramers-Kronig
methods in order to determine spectral values of the complex refractive
indices n+ik; i.e. the so called optical constants.

In this section we present the measured reflectance spectra and the
spectral values of n+tik in graphical and tabular form,

Sol S&pphite (Q -M203)

In the infrared spectral region (4,000-250 cm'l) the near normal
incidence reflectance spectra of sapphire were obtained for the electric
vector E of the incident radiant flux linearly polarized parallel and
perpendicular to the c~axis of the crystal.

In the uv-vis-nir spectral region (200--2,500 nm) the near normal
incidence reflectance spectrum of sapphire was obtained for unpolarized
radiant flux. However, polarization characteristics of the optical
components of the Cary Varian spectrophotometer are such that the
"unpolarized" incident beam is p (parallel) or s (perpendicular)
polarized in different spectral regions. As a general rule p-
polarization is dominant in broad spectral regions. Thus the
"unpolarized" reflectance spectrum of sapphire was joined, at 2,500 nm
wavelength, to the E//C and E+C spectra obtained in the infrared. The
“unpolarized" uv~vis-nir reflectance spectrum was altered by only %4% of
the measured reflectance spectrum,

Only a single Glan~Thompson calcite polarizer was available for use
with the Cary Varian spectrophotometer, There were two reasons why this
polarizer could not be used for these measurements. First the polarizer
proved to be unreliable in the yellow region of the visible spectrum.
And second, one must use two polarizers with the Varian
spectrophotometer; one in the reference beam and another in the sample
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beam. We obtained some reflectance spectra in the 230-2,500 nm region
for sapphire with the single polarizer in the sample beam. In the 800-
1,400 nm wavelength region the reflectance of the seven aluminum mirrors
in the V-W reflectance accessory falls to 37%, the sapphire reflected
7.2%, and the polarizer decreased the intensity of the sample beam by at
least a factor of 0.5. Combining these factors we find that we were
attempting to measure an effective absorbance of 3.87. The PbS detector
of the Varian instrument was not linear at such absorbance values and
the resultant spectra were very unreliable.

We ordered a replacement polarizer but as of this writing the
polarizer has not arrived. Thus the polarized reflectance data could
not be obtained in the uv-vis=-nir,

Sapphire, however, is not strongly birefringent in the uv-vis-nir
region and the joining of the "unpolarized" reflectance spectrum in the
uv-vis-nir to the polarized reflectance spectra in the infrared 1is
expected to produce relatively small error in the final values,

The reflectance spectra and values of the complex refractive
indices are presented in Figs. 1-5 for E//C, in Figs., 6-10 for E+C, and
in tabular form in following pages.

In the tables the columns from left to right provide the wave
number (cm'l) WM, wavelength (pu) WL, n, k, uncertainty in n and k (DN
and DK), and the reflectance R.

Figures 11 and 12 present the first derivative of the infrared
refiectance spectra for sapphire E//C and E+C, respectively. Note that
minima and maxima in the first derivative spectra reveal the spectral
location of the longitudinal and transverse optical phonon moden,
respectively.
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Figure 1. The infrared (4,000-180 cm'l) reflectance spectrum of

sapphire (a—A1203) for E//C.
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Figure 3, The infrared (4,000-180 cm-l) extinction coefficient k

of sapphire (u—A1203) for E//C.
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Figure 4. The uv--vis-nir (2,500-~200 nm) reflectance spectrum of 3
sapphire (a-A1203) used for E//C. :
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Pigure 5, The uv-vis-nir (2,500~200 nm) refractive index of sapphire
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SAPPHIRE E//C FAGE 1

WN Wi N K DN DK R

180,00 55.53556 3.689 0,030 0.064 0,003 0.33124
190,00 52,6316 3.7227 0.037 0.0466 0,003 0,33513
200,00 50.0000 3.768 0,028 0.067 0.003 0.33938
210,00 47.6190 2.814 ¢.016 0.069 0.001 0.34404
220,00 45,4545 3.865 0.022 0.071 0.002 0.347915
230,00 43.4783 3.921 0.042 0.073 0.004 0.35474 -
250,00 40,0000 4,055 0.083 0.079 0.005 0.36766
260,00 38,4615 4,136 0,039 0.082 0.004 0,37515
270,00 37.0370 4,226 0.048 0.086 0,005 0.38345
280.00 35.7143 4,257 0,077 0,089 0,007 0.389%90
290,00 34,4828 4.389 0.088 0,093 0.009 0,39795
300.00 33.3333 4,536 0.058 0.100 0.006 0.41035
210,00 32,2981 4,717 0,003 0.108 0.000 ¢.42500
320,00 31.2500 4,947 -0.0355 0.120 0,006 0.44285
330,00 30,3030 5,213 0,007 0,133 0,001 0.46210
340,00 29.4118 5.538 0,094 0.151 0.010 0.48410
350.00 28.5714 $.960 0.1446 0.176 0.017 0.51030
360,00 27.7778 6.604 0.035 0.217 0,004 0.54525
370,00 27,0270 7.689 0,115 0,296 0,015 0.59470
380,00 26.3158 10.905 €.246 0.3506 0.038 0.67145
390,00 25.6410 13.617 5,703 0.991 1.003 0.78000
400,00 25,0000 60291 11,810 1,035 1,108 0.87060
410,00 24.3%02 2.014 9,319 0,631 0.646 0.91635
420,00 23,8095 1,109 7:.392 0.3%92 0,463 0.92540
430,00 23,2538 0.644 6:176 04265 0,367 0.93730
440,00 22,7273 0.353 5.011 0.1469 0.288 0.94795
450,00 22,2222 0.222 4,127 0.115 0,236 0,95235
440,00 21.7391 0.161 3.573 0,087 0.204 0.95465
470,00 21,2766 0,137 3.165 0.070 0.183 0.951995
480,00 20.8333 0.147 2.810 0.060 0,165 0.93650
490,00 20.4082 0.135 2.215 0.043 0.,13% 0.91350
$00,00 20,0000 0,126 1.525 0.029 0,104 0.86060
510,00 19,6078 0.306 0,634 0.024 0,070 0.,42610
520,00 19,2308 1.298 0.308 0.017 0.015 0.03485
530,00 18.€867% 1,982 0